I. INTRODUCTION
Thin films are usually thermodynamically metastable or unstable, except in the infrequent case of perfect wetting, so that they often dewet to form an array of particles when annealed at high temperatures. This morphological evolution occurs through the spontaneous growth of thickness perturbation or via defect-mediated nucleation and growth of holes. [1] [2] [3] [4] [5] [6] Thickness perturbations have been shown to grow spontaneously under the effects of spinodal 1,2 or Asaro-Tiller-Grinfeld instabilities. [4] [5] [6] The perturbation with a particular wavelength grows fastest when driven by these instabilities, leading to the formation of periodic morphologies. On the other hand, the defect-mediated nucleation of holes generally occurs with no strong spatial correlation, and thus, the resulting dewetted morphologies are usually disordered. [1] [2] [3] Solid-state dewetting has been observed to begin with the heterogeneous nucleation of holes that penetrate to the substrate surface in many thin film systems. 3, [7] [8] [9] [10] [11] Large curvature gradients at the edges of the holes drive the diffusion of surface atoms toward the flat film surface, leading to edge retraction and the thickening of rims around the edges. The edges of a hole are subject to a series of instabilities during growth, eventually resulting in a discontinuous morphology. 7, 10 In polycrystalline films, the resulting dewetted morphologies are usually disordered, but in single-crystal films the shape of the holes and the alignment of lines and particles are typically regular. [7] [8] [9] [10] [11] In the early stage of dewetting of single-crystal films, holes have a regular in-plane faceted shape compatible with the crystallographic symmetry of the film surface. A recent study has shown that the in-plane edge normal orientations of holes formed in single-crystal nickel films are strongly dependent on the flow rate of the reducing gas. 11 It was shown that the dependence is associated with the different faceting in the thickened edges under different flow rates of the reducing gas. This behavior was consistent with the influence of oxygen adsorbates on the surface energy anisotropy of nickel, suggesting that this anisotropy plays a critical role in determining the dominant edge normal orientation. 11 In the later stage of dewetting, the shape of holes becomes increasingly unstable and complex during their growth. The accumulation of material ahead of retracting edges becomes uneven-the rims are lower and narrower near the corners of holes than in other locations, leading to faster corner retraction and the formation of lagging lines near the center of the edges. This type of instability also occurs in the two parts of the edge separated by the lagging lines and causes the holes to evolve into more complex shapes. 10, 12 Moreover, during the later stage of hole growth, valleys may form and deepen ahead of the retracting edges. This often results in the pinchoff of thickened rims and the formation of isolated lines. This pinch-off process occurs repeatedly and leads to the formation of multiple lines inside the growing holes. 10, 13 These instabilities thereby produce highly complex morphologies, although they still show regular characteristics consistent with the symmetry of the film orientation. 10 Because of the regular morphological characteristics observed during dewetting of single-crystal films, this phenomenon has been suggested to be exploited to fabricate regular patterns. [14] [15] [16] Further studies of the morphological evolution of holes are nonetheless required to characterize the applicability of this patterning method to a broad range of single-crystal film systems. Here, I present the results of an investigation of the shape anisotropy and instability of holes formed during dewetting of 75-nm-thick single-crystal palladium and nickel films. The results of this study clearly demonstrate that the film material, film orientation, and annealing ambient influence the morphological evolution of the holes during dewetting of single-crystal films.
II. EXPERIMENT
Seventy five nanometer-thick single-crystal (100)-and (110)-oriented Pd and Ni films were used in this work. The a) Electronic mail: jpye@inha.ac.kr single-crystal films were deposited using electron beam evaporation on single-crystal MgO(100) and MgO(110) substrates purchased from Crystec. The MgO substrates were preheated before deposition. The depositions were carried out at 400 and 320 C for Pd and Ni, respectively. The deposition rate was 0.5 Å /s, as measured using a quartz crystal sensor, and the pressure, measured by an ion-gauge, varied between 2 Â 10 À6 and 4 Â 10 À6 Torr. The as-deposited films were thermally annealed in a quartz tube furnace at 800 or 900 C under Ar and H 2 atmospheres to induce dewetting. The temperature inside the quartz tube was calibrated with a K-type thermoprobe, and the flow rates of Ar and H 2 were controlled using mass-flow controllers. The flow rate of H 2 was varied between 2 and 100 sccm depending on the film material and orientation while that of Ar was set to be 200 sccm for all the films used in this study. The morphologies formed in the annealed films were observed using optical microscopy (OM), atomic force microscopy (AFM), and transmission electron microscopy (TEM). The AFM imaging was performed in tapping mode using a Bruker Nanoscope Multimode IVa. The AFM images were analyzed and processed using WSXM software developed by Nanotec Electronica. 17 TEM samples were prepared using an FEI NOVA 600 Nanolab focused ion beam (FIB), and the TEM images were taken using a JEOL JEM 2100F TEM.
III. RESULTS AND DISCUSSION
As mentioned above, the dewetting of single-crystal thin films begins with the formation and growth of holes that have a simple in-plane faceted shape, as shown in Fig. 1(a) . 18 of the point pattern generated from the array of holes in Fig. 1(a) . A detailed description of the Minkowski analysis is given elsewhere. 19 These Minkowski functionals fit well with curves corresponding to a pure Poisson distribution with negligible deviation, indicating that the holes were generated via heterogeneous nucleation rather than spinodal (faceting) or Asaro-Tiller-Grinfeld instabilities. 1, 2, [4] [5] [6] This suggests that the shape anisotropy of the holes was developed during their growth via edge retraction. Figure 2 shows the holes that form during dewetting of 75-nm-thick single-crystal Pd(100) and Ni(100) films. The holes in both types of films display four-fold symmetry, which is compatible with a (100) surface. The edges of the holes are normal to particular crystallographic directions that depend on the annealing ambient and film material. For both film materials, the edge normal orientations change from h001i to h011i as the flow rate of hydrogen is increased to a certain value. The dependence of the edge orientation on the annealing ambient is consistent with previous results obtained for 120 nm-thick nickel films annealed under 5% hydrogen and 95% nitrogen. 11 However, the hydrogen flow rate at which this orientation change occurs is lower in the Pd(100) films. As can be seen in Figs. 2(c) and 2(d), indeed, when annealed under 5 sccm of hydrogen and 200 sccm of argon, the holes in the Pd(100) films are bound by edges normal to h011i directions, while those in Ni(100) films are still bound by edges normal to h001i directions. Figure 3 shows OM images of holes formed during annealing of 75-nm-thick Pd(110) and Ni(110) films. As seen in the figure, the holes in both types of films display two-fold symmetry, which is compatible with a (110) surface. Initially, the holes have edges normal to h110i or h001i directions. As reported by Thompson and me in a previous work, 11 in the case of holes formed in Ni(110) films, the length ratio of edges normal to h001i to those normal to h110i directions increases with the hydrogen flow rate. A similar dependence is observed here for the holes formed in Pd(110) films, as shown in Fig. 3 . At a given hydrogen flow rate, however, this length ratio is greater for the holes formed in the Pd(110) films than for those in the Ni(110) films. As mentioned above, the effect of the hydrogen flow rate on the edge orientations and length ratios has been suggested to be associated with differences in surface energy anisotropy of the film material under different reducing conditions. The c-plot of clean face-centered-cubic (FCC) metals shows deep cusps at {111} orientations, but oxygen adsorption decreases their depths while deepening the cusps at other orientations, including {210} and {110}. 11, [20] [21] [22] When the surface oxide is well removed, such that oxygen adsorption is negligibly small under a sufficiently high flow rate of hydrogen, the normals of the longest edges have {100}h011i or {110}h001i orientations, in which the edges are crystallographically constrained to expose {111} facets. These inplane directions become {100}h001i and {110} h110i, in which the edges are constrained to expose {hk0} facets, when the films are annealed under relatively low hydrogen flow rates such that oxygen adsorption significantly changes the surface energy anisotropy. The different faceting behaviors of single-crystal nickel films under different reducing conditions have been shown to lead to different anisotropies of edge retraction rate and to play a critical role in determining the shape of the holes. 11 Fig. 2(a) , (b) Fig. 2(c) , (c) Fig. 3(a) , and (d) Fig. 3(b) . These TEM samples were prepared using FIB milling. Pt layers were deposited in the FIB system to protect the Pd films. The edge and facet orientations are indicated in each image. Scale bars: 30 nm. 060601-3 Jongpil Ye: Shape anisotropy and instability of holes formed during dewetting 060601-3
The differences in the orientations and length-ratios of edges in the palladium and nickel films could arise from a difference in the amounts of oxygen adsorbates on the surfaces of the films. Surface oxides of nickel and palladium films are reduced when annealed in hydrogen at sufficiently high temperatures. However, the amount of oxygen adsorbed on a metal surface during annealing can be dependent on the driving force for the reduction reaction of the metal oxide. When the driving force for reduction is larger, reduction can occur more easily, leading to a smaller amount of oxygen adsorbates remaining on the metal surface. The driving force for reduction of palladium oxide is well-known to be substantially greater than that of nickel oxide, 23 implying that the amount of oxygen adsorbates should be smaller on a palladium surface than on a nickel surface during annealing under the same atmosphere. This is consistent with the results of Figs. 2 and 3 , which show that the length ratios of the {100}h011i to the {100}h001i edge and of the {110}h001i to {110}h011i edge are greater for holes formed in palladium films than for those formed in nickel films. Figure 5 shows holes formed in Pd(110) and Ni(110) films during the later stage of dewetting. The edges retract faster near the corners of the holes, leading to the formation of more complex morphologies, with lagging lines near the centers of the edges. This corner-induced instability is consistently observed in both palladium and nickel films regardless of the flow rate of hydrogen during annealing. On the other hand, the occurrence of pinch-off depends on both the film material and the hydrogen flow rate. As seen in Fig. 5 , the pinch-off only occurs in the Pd(110) films annealed under a hydrogen flow rate of 100 sccm and an argon flow rate of 200 sccm [see Fig. 5(b) ]. Figure 6 shows AFM images and height profiles of a hole formed in earlier stages of dewetting, highlighting the valley deepening and pinchoff that occur in this film under these annealing conditions. These results are consistent with those previously reported by Thompson and me in terms of the effect of the flow rate of a reducing gas on the pinch-off process. 10 This can be understood in terms of the effect of surface energy anisotropy on the rate of deepening of valleys ahead of thickened rims. Numerical analysis has shown that valley deepening is restrained or suppressed when the c-plot of the film material shows a deeper cusp at the orientation of the top film surface. 24 The cusps at {110} orientations of FCC metals generally become deeper upon oxygen adsorption, which widens the top facet of thickened rims. 25 As mentioned earlier, oxygen adsorption would be greater in a lower flow rate of hydrogen; however, at a given flow rate, it would be greater on nickel than on palladium films. Thus, the influence of the film materials on the pinch-off process is seen to be most probably associated with different levels of oxygen adsorption on their film surfaces. Faster valley deepening also leads to a greater local curvature gradient at the edges of the holes, resulting in faster edge retraction and hole propagation, as can be seen by comparing the size of the hole in Fig. 5(b) with those of the other ones shown in Fig. 5 .
IV. SUMMARY AND CONCLUSIONS
This paper shows that during solid-state dewetting of single-crystal films, the shape anisotropy and instability of heterogeneously nucleated holes are strongly dependent on the film material, film orientation, and the flow rate of the reducing gas. The length ratios of the {100}h011i to the {100}h001i edges and of the {110}h001i to the {110}h110i edges, measured in holes with an in-plane faceted shape, increase with the hydrogen flow rate. However, under the same annealing ambient, the length ratios are found to be greater in palladium than in nickel films. Furthermore, pinch-off occurs earlier in palladium than in nickel films. The different morphologies of the holes in palladium and nickel films are explained in terms of the differences in the levels of oxygen adsorption on the surfaces of films of the two materials, and the corresponding effect on surface energy anisotropy. This work provides a basis for predicting the morphological evolution of holes formed during solid-state dewetting of single-crystal films of a wide range of materials.
